Preschool children with sleep deficit may suffer from autonomic symptoms or hypotension. Heart rate variability, reflecting cardiac parasympathetic and sympathetic activities, and blood pressure were assessed to clarify the effects of nocturnal sleep duration on cardiac autonomic function in 134 preschool children aged 5 and 6 years. Parents reported their children's typical bedtimes and wake times for weekdays. In the children, the mean nocturnal sleep duration (± standard deviation) was 575 ± 42 min. The parasympathetic and sympathetic activities and systolic blood pressure (SBP) were significantly lower in the 80 children with short sleep (nocturnal sleep duration < 10 hrs) than in the 54 children with long sleep ( 10 hrs). Only the SBP was positively correlated with nocturnal sleep duration in the children ( p < 0.001); also, short nocturnal sleep duration was significantly related to hypotension (SBP < 100 mmHg), as judged by multiple logistic regression analysis. Among the children, inverse correlations were seen between the parasympathetic activity and SBP and between the sympathetic activity and diastolic blood pressure ( p < 0.05). These findings indicate that shortening of nocturnal sleep is associated with cardiac autonomic hypofunction and low SBP in preschool children. We suggest that sleep duration is an important predictor for autonomic development in childhood.
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Little evidence has been established on the pathophysiology between sleep duration and adverse health effects in children, although various factors disturbing children's nocturnal sleep, for instance, socioeconomic status, televisionviewing and video game-playing habits, whether both parents work outside and whether one works shifts or not, exist in industrialized countries, and sleep habits and/or disorders are associated with mental impairment and motor handicap (Quine 1991; Piazza et al. 1996; Owens et al. 1999 Owens et al. , 2000 Aronen et al. 2000) . In addition, it has been speculated that onset of menarche may be linked with shortening of nocturnal sleep in school-aged girls (Murata and Araki 1993) . Apart from sleep research in children, extremely long or short sleep in general population seems to be associated with several sleep and health problems (Kripke et al. 1979; Ohayon 2004) . Since some adult diseases, such as coronary heart disease (CHD) and hyper-tension, have been reported to be connected with lifestyles in childhood (National High Blood Pressure Education Program Working Group 2004) , it is crucial to investigate cardiac autonomic functions in reference to lifestyle-related sleep behaviors in children.
Short-term variations in heart rate are seen at all ages and are an important sign of normal homeostatic mechanisms of the cardiovascular system (Finley and Nugent 1995) . Especially, heart rate variability (HRV) with frequencydomain analysis has emerged as a noninvasive method to assess cardiac autonomic activity quantitatively, and it seems to be highly reproducible under standardized conditions (Massin and von Bernuth 1997; Batten et al. 2000) . Also, it has been suggested that subjects with low HRV had an adverse cardiovascular risk profile and an elevated risk of incident CHD and death (Dekker et al. 2000) , and that cardiovascular autonomic function played an important role in increasing blood pressure levels associated with increased modulation of parasympathetic tone of the heart after puberty but not in preadolescents (Tanaka et al. 2000) . In this way, HRV is thought to be a promising and reliable tool to provide a marker of less favorable health (Grandjean et al. 2004; Unalacak et al. 2004; Murata et al. 2006) , and this approach should be applied to sleep research in children.
Preschool children with sleep deficit may suffer from autonomic symptoms or hypotension, because such children frequently complain about sleepiness and lassitude (Ishihara 2005) . In spite of potential issues involved in the estimation of nocturnal sleep (Sekine et al. 2002) , the duration between bedtime and wake time for weekdays in preschool children aged 5 to 6 years has been reported to be 10-11 hrs in Iceland (Thorleifsdottir et al. 2002) , about 11 hrs in Switzerland (Iglowstein et al. 2003) , and 9.7-10.2 hrs in the U.S. (Crosby et al. 2005) , while sleep durations in Hong Kong and Japan seem to be somewhat short (Ishihara 2005; Ng et al. 2005) . Judging from these data, it could be hypothesized that the optimal duration of nocturnal sleep for preschool children is 10 hrs or more. In this article, a crosssectional study was carried out to clarify whether autonomic functions such as HRV parameters and blood pressure differed among Japanese preschool children with short sleep (i.e., nocturnal sleep duration < 10 hrs) and with long sleep ( 10 hrs).
MATERIALS AND METHODS
The nature of the procedures used in the present study was explained to parents at four nursery schools and two kindergartens in Akita, northern Japan, and their preschool children, who did not have past or present history of serious illness such as heart, kidney, neurological or metabolic disease, were invited to take part in our study. The study was carried out with the written consent of parents and approval of the ethical review committee at the Akita University School of Medicine, between June and July 2005. In total, 55 nursery school children and 79 kindergarteners were enrolled in this study. According to information from the preschool teachers and parents, there were no children suffering from any obvious disease including obstructive sleep apnea syndrome or upper airway resistance syndrome. Nursery schools in Akita have mandatory nap times of about 1.5 hrs (range, 1 to 1.8 hrs) in the afternoon, but kindergartens, in principle, have no nap times.
Using a questionnaire, parents reported their children's typical bedtimes and wake times for weekdays, the regularity of the times, birthdays, the number of children and their birth order, and parental occupations. After collecting the questionnaires, nocturnal sleep duration (min) was computed from the difference between bedtime and wake time for weekdays. Data on height and body weight for each child were obtained from their preschools, and the Kaup index, defined as 10 × (body
, was calculated as an obesity index.
The HRV was measured by a single trained examiner, in a quiet room of the kindergarten or nursery school, using the Pocket-ECG WEC-7101 (Nihon Kohden Co., Tokyo) connected to an analog-to-digital converter (sampling time, 1 msec) and a computer. Also, blood pressure was measured twice by the same examiner with a mercury sphygmomanometer, 2 min after sitting in a chair with their backs supported and their arms bared and supported at heart level. The average of two measurements was used in the analysis. Systolic and diastolic blood pressures (SBP and DBP) were defined as the first and the fifth Korotkoff sounds. Considering breakfast and lunch times, these tests were conducted between 10 : 00 and 11 : 30 on weekdays.
After each child remained comfortably in the supine position for 10 min, 300 R-R intervals on electrocardiogram (ECG) were measured in real time and stored on a hard disc, and consecutive 100 R-R intervals with the minimal standard deviation (S.D.) were automatically extracted from the obtained data to reduce measurement error (Murata et al. 1992; Grandjean et al. 2004; Ishii et al. 2005) . The CV RR (%) was defined as the ratio of the S.D. of the R-R intervals to the average value (RR mean , msec). The power spectrum of R-R intervals was computed by autoregressive spectral analysis according to the Akaike information criteria (Akaike 1974) . The spectrum of each of two components, i.e., the high frequency (HF) component at the center frequency of 0.15-0.4 Hz and low frequency (LF) component at 0.01-0.15 Hz, was separated by component analysis (Fig. 1) . Each component coefficient of variation (i.e., CCV HF and CCV LF ) was defined as the ratio of the square root of each component power spectral density (PSD k , msec 2 ) to the RR mean :
/RR mean , where k = HF or LF. Since parasympathetic blockade with atropine abolishes the HF component but β -sympathetic blockade has no effect, the PSD HF and CCV HF reflects the parasympathetic activity (Pagani et al. 1986 ; Task Force of the European Society of Cardiology and the North American Society of Pacing and Electrophysiology 1996). In addition, the LF component is considered to be derived from the fluctuation in the vasomotor activity through the baroreflex mechanism and to show a β -adrenergically mediated increase in the standing posture. Therefore, the PSD LF and CCV LF are thought to reflect the sympathetic activities, and the LF/HF ratio (i.e., PSD LF /PSD HF ) represents a sympathovagal balance.
The differences between the nursery school children and kindergarteners and between boys and girls were determined by Student's t-test or the Fisher exact test. According to nocturnal sleep durations, preschool children were divided into two subgroups, i.e., 80 children with short sleep (< 10 hrs) and 54 children with long sleep ( 10 hrs). As the PSD LF , PSD HF , and LF/HF ratio were highly skewed to the left, these were transformed into common logarithmic values in the following analyses. The significance levels of differences in HRV parameters, SBP and DBP between the children with short sleep and with long sleep were tested by analysis of covariance to control for possible confounders such as age, sex, Kaup index, and institute variable. The institute variable was scored as "nursery school" = 1 and "kindergarten" = 2. The correlations between nocturnal sleep duration and autonomic functions among all children were examined by the Pearson's product moment correlation coefficient; when the correlation was significant ( p < 0.05), multiple regression analysis was used to control for age, sex, Kaup index, and institute variable. Also, the correlations between HRV parameters and 
RESULTS
There were no children with either abnormal beats or ventricular extrasystoles on ECG, and no child took medication or caffeine-containing products on the morning of the examination. The mean nocturnal sleep duration (± S.D.) was 575 ± 42 (range, 480 to 690) min in the 134 preschool children. Table 1 presents the characteristics in 55 nursery school children and 79 kindergarteners. The nocturnal sleep duration was significantly shorter in the nursery school children than in the kindergarteners, although the former were significantly younger and smaller than the latter. Also, bedtimes in the nursery school children were significantly delayed as compared to those in the kindergarteners. There was no sex difference either in HRV parameters or blood pressure ( p > 0.05).
The the 80 children with short sleep than in the 54 children with long sleep (Table 2 ). The significance of these differences remained unchanged even after adjusting for age, sex, and Kaup index (Table 2) . However, with an additional covariate (i.e., institute variable), only the CCV LF , log[PSD LF ], and log[PSD HF ] differed significantly between the two subgroups. In the analysis of covariance of Table 2 , age and Kaup index were related to blood pressure ( p < 0.05) but the covariates were not related to any HRV parameters ( p > 0.05). Given the mean nocturnal sleep duration (i.e., 575 min) instead of 10 hrs, the results were similar to those of Table 2 (data not shown).
Of the autonomic functions, only the SBP had a significant correlation with nocturnal sleep duration in the 134 preschool children (r = 0.287, p < 0.001); while, the significant relation disappeared (standard regression coefficient = 0.180, p = 0.061) when using multiple regression analysis with independent variables of age, sex, Kaup index, and institute variable. Also, when preschool children were divided into two subgroups, i.e., 58 children with hypotension (i.e., SBP < 100 mmHg) and 76 children with normal SBP ( 100 mmHg), nocturnal sleep duration of explanatory variables in multiple logistic regression analysis was significantly related to hypotension ( p = 0.031).
Concerning correlations between HRV parameters and blood pressure in the preschool children, the SBP had a close relation mainly to the CCV HF and log[PSD HF ]; likewise, the DBP had a close relation to the CCV LF and log[PSD LF ] (Table 3) .
DISCUSSION
In this study, the nursery school children showed short nocturnal sleep duration and delayed bedtime as compared to the kindergarteners, while almost all of their families belonged to the socioeconomic middle-upper class. The reason for delayed bedtime in the former would probably be that most mothers with nursery school children worked and often came home late for dinner. These findings are consistent with another report written by Japanese researchers (Fukuda and Sakashita 2002) . They investigated whether daytime naps could compensate for sleep insufficiency on the previous night, and concluded that daytime naps in nursery schools appeared to cause delayed sleep onset but was not a result of sleep deficit. Also, the average nocturnal sleep duration in our 134 subjects was similar to those (566-609 min) calculated from preschool children, aged 5-6 years, residing in other Japanese prefectures (Ishihara 2005) , whereas it was remarkably short in Hong Kong primary school children at 6 years of age (546 ± 59 min) (Ng et al. 2005) . Unfortunately, as preschool teachers did not always examine actual daytime nap duration for each child, we could not address the issue. We therefore considered only nocturnal sleep duration, and not total sleep duration, in relation to cardiac autonomic function, inasmuch as reported sleep duration could be used in a survey that requires data on relative differences in sleeping hours within a given population (Sekine et al. 2002) .
The principal finding of our study was that all HRV parameters, excluding the LF/HF ratio, in the preschool children with short sleep were significantly decreased compared to those with long sleep. Also, the above associations, i.e., with the CCV LF , log[PSD LF ], and log[PSD HF ], were statistically significant even after the institute variable was added into covariates of analysis of covariance. Probably, the institute variable would reflect the presence/absence of a daytime nap in each preschool rather than familial socioeconomic status, implying that daytime nap may not potently affect cardiac autonomic function at 5-6 years of age. Accordingly, the implication is that cardiac parasympathetic and sympathetic hypoactivities may be caused mainly by short nocturnal sleep in preschool children.
Similarly, SBP was significantly decreased in the children with short sleep as compared to those with long sleep (Table 2) , and was significantly correlated with nocturnal sleep duration, whereas the significant association was not observed in using the institute variable, together with age, sex, and Kaup index, as covariates. In addition, short nocturnal sleep duration was associated with hypotension, which would not exactly imply that preschool children with such hypotension were ill because SBP/DBP (mean ± S.D.) in Japanese children aged 5 years have been reported to be 101 ± 10/53 ± 8 mmHg for 856 boys and 102 ± 10/54 ± 9 mmHg for 801 girls (Hashimoto et al. 1997) . Based on these findings, it is suggested that stationary SBP may reflect nocturnal sleep duration in preschool children. Also, daytime nap duration can potentially confound the SBP. Further research is necessary to elucidate the direct effect of daytime nap duration on blood pressure.
In the present study, both SBP and DBP were inversely connected with the CV RR , CCV HF , and log[PSD LF ]. Tanaka et al. (2000) reported that 56 adolescents at ages 12-16 years had significant inverse correlations between CCV HF and both SBP and DBP, though 71 preadolescents at ages 6-11 years did not. Also, a significant inverse correlation between log[PSD HF ] and DBP was observed in day workers . That is, such inverse associations between HRV parameters and blood pressure exist in healthy children and adults, despite the fact that blood pressure depends on age (Hashimoto et al. 1997; National High Blood Pressure Education Program Working Group 2004) . On the other hand, it has been suggested that reduced parasympathetic function and the sympathovagal imbalance such as high LF/HF ratio are associated with the risk of developing hypertension (Petretta et al. 1995; Liao et al. 1996) . Accordingly, the disruption or attenuation of associations between cardiac autonomic activities and blood pressure may be a key factor of essential hypertension; whereas, whether the link is causal remains unclear (Tanaka et al. 2000) and the implication in the cardiovascular system awaits further research. At least, we could not find a significant difference in the LF/HF ratio between the preschool children with short sleep and with long sleep.
The Task Force on HRV Standards points out that spectral analysis of 24-hrs recordings may not provide detailed information about autonomic modulation of the R-R interval due to the lack of stationarity, and recommends that controlled 5-min recordings processed in the frequency domain be used to study pathophysiologic mechanisms (Task Force of the European Society of Cardiology and the North American Society of Pacing and Electrophysiology 1996). We measured 300 R-R intervals in the supine position (i.e., approximately for 3 min in preschool children or for 5 min in adults), and HRV parameters were calculated from consecutive R-R intervals with minimal deviation; i.e., the process of R-R interval data extraction for spectral analysis does not depend on observers (Murata et al. 1992 Grandjean et al. 2004; Ishii et al. 2005) . Liao et al. (1997) also computed LF-and HF-PSDs of HRV from 2-min beat-to-beat heart rate data in the Atherosclerosis Risk in Communities (ARIC) study. On the other hand, it is also indicated that the power of heart-rate modulation in the frequency range considered to reflect sympathetic activity (i.e., PSD LF ) tends to be lower than that of the actual activity and may be misinterpreted as a deficiency of sympathetic outflow (Hilz and Dütsch 2006) . In applying spectral analysis with fast Fourier transformation, the ARIC study used records of beat-to-beat data of 2.5 min to capture a few cycles of low-frequency heart rate fluctuation (Liao et al. 1997) . We employed a samplingtime of 1 msec and the autoregressive spectral model, and the model does not seem to have caused such problems (Murata et al. 1992 (Murata et al. , 2006 Grandjean et al. 2004; Ishii et al. 2005) . Thus, it is suggested that our findings were not heavily influenced by such measurement errors. In any case, it may make little sense to compare the value of PSD LF or CCV LF between two studies conducted by different researchers.
In conclusion, our data indicate that shortening of nocturnal sleep is strongly associated with cardiac autonomic hypofunction and low SBP in preschool children. Such changes in the HRV parameters and SBP may lead to dysautonomia or hypotension in the near future, inasmuch as the sympathovagal balance does not seem to have been affected by nocturnal sleep duration. In addition, no HRV parameters in our preschool children aged 5-6 years were influenced by age or sex, while the CCV HF and CCV LF are considered to decrease with progressive age (Murata et al. 1992; Tanaka et al. 2000; Antelmi et al. 2004) ; it may imply that the decreasing HRV in childhood is controlled more strongly by nocturnal sleep duration than by age, because sleep duration reduces in childhood (Thorleifsdottir et al. 2002; Iglowstein et al. 2003; Crosby et al. 2005; Ishihara 2005; Ng et al. 2005) . Thus, sleep duration is suggested to be an important predictor for autonomic development in childhood. Additional studies of children are required to clarify the effects of sleep duration on developmental organs including the cardiovascular system.
